B
irthweight is a common indicator of fetal health, and low birth weight (LBW) is associated with risk of infant mortality, 1 childhood morbidity, 1 and diabetes. 2 Links between mother's exposure to particulate matter (PM) during pregnancy and birth weight have been observed in numerous epidemiologic studies. Several particle-size distributions have been considered. Exposure to particles with aerodynamic diameter Յ2.5 m (PM 2.5 ) has been associated with lower birth weight in North America (eg, California, Vancouver) [3] [4] [5] [6] and Europe. 7 Exposure to particles with aerodynamic diameter Յ10 m (PM 10 ) exhibited similar associations in multiple locations, 4 -6 but not in all areas studied. 8 Third-trimester PM 10 exposure has been associated with lower birth weight in Southern California, but the effect was not robust to adjustment for ozone. 9 Comparison across studies is hindered by differences in study designs, 10 and the effects of prenatal exposures to particles on fetal growth are still not fully understood. 11 However, collectively the results indicate a relationship between exposure to airborne particles during pregnancy and birth weight.
The above-mentioned studies examine particles' total mass although particles' chemical composition varies substantially by season and region. 12 For example, sulfate levels are higher in the Northeast than other US regions. Scientific evidence on which PM sources or chemical constituents have higher toxicity is one of the largest research gaps with respect to PM. 13 Characterizing the health effects of PM components and sources was identified as a priority by a US National Research Council Committee.
14 Health effects of various PM sources and constituents have been studied primarily for mortality and hospital admissions. 15, 16 To date, few studies have considered PM composition in relation to pregnancy outcomes. Some have investigated traffic-related air pollution more generally, using a traffic measure or indicator as a surrogate of exposure to traffic emissions. Lower birth weight has been linked to residence Ͻ50 m from a highway 4 and to residential distance to major highways. 17 PM 2.5 absorbance (used to measure black carbon, a marker of traffic-related pollution) 7 and distance-weighted traffic density 18 have been associated with lower birth weight.
We investigated whether exposures to PM 2.5 sources and elemental constituents were associated with birth weight at term. Our previous work found higher effect estimates for an association between PM 2.5 and lower birth weight among infants of African-American mothers than among infants of white mothers. 6 Changes in birth weight may be particularly important for some minorities who are at higher risk of LBW. 19 Therefore, we investigated whether any observed effect estimates differ by race.
METHODS
This research aims to identify which PM 2.5 constituents or sources are most strongly associated with birth weight. To aid in this goal, we identified which constituents were most associated with specific sources to assist interpretation of estimates for constituents.
Exposure Estimates for PM 2.5 Sources and Constituents
We estimated exposures for 2 PM 2.5 exposure metrics: (1) elemental constituent concentrations (eg, nickel) and (2) source contributions (eg, traffic). Certain elements are mostly associated with a single source, and thus these tracer elements ("indicator" constituents) can be used to investigate the toxicity of the respective sources.
Teflon filters from PM 2.5 regulatory monitors were obtained for the study period (August 2000 -February 2004) from the Connecticut and Massachusetts Departments of Environmental Protection. For each location, we identified a primary monitoring site and filters from other sites were used for days missing data from the primary site. eTable 1 (http://links.lww.com/EDE/A423) provides information on primary and supplemental monitoring sites. PM 2.5 filter samples were available for 92%, 90%, 57%, 32%, and 30% of days in the study for Hartford, CT; New Haven, CT; Springfield, MA; Bridgeport, CT; and Danbury, CT, respectively. We used filters to obtain daily levels of PM 2.5 constituents, which were then used in sourceapportionment analysis. Elemental carbon was measured by optical reflectance. 20, 21 Levels of 51 chemical elements were determined by x-ray fluorescence 22 by the Desert Research Institute. PM 2.5 mass values were obtained from the Connecticut and Massachusetts Departments of Environmental Protection.
Positive matrix factorization 23 was applied to data from each monitor separately to convert daily levels of elemental constituents into daily estimated source profiles and source contributions for motor vehicles, road dust/crustal, oil combustion, salt, and other regional sources. The approach is related to the following mass balance equation:
where m ϭ level of constituent c for day t f ϭ gravimetric concentration as mass of constituent c per mass of PM 2.5 from source k s ϭ PM 2.5 from source k on day t p ϭ number of sources Positive matrix factorization uses an algorithm 23 to estimate the contribution of PM 2.5 sources to constituent levels, based on measured constituent data, by solving a matrix form of the above equation:
where X is a matrix of measured constituent levels with dimensions of n (number of measurements) ϫ j (number of chemical species), and E includes residuals. Concentrations and source contributions are constrained as zero or larger. The positive-matrix-factorization approach produces source factors that generally have low correlations with each other. We conducted positive-matrix-factorization models with various numbers of source factors (p), and we evaluated goodness-of-fit through multiple approaches, including the root-mean-squared error of predicted and measured concentrations.
Positive matrix factorization was repeated for each set of monitoring filters from a given location. The method produces estimates of the PM 2.5 from each source for each day and location, which were then combined to estimate exposure over the gestational period (ie, pregnancy) and each trimester for each study subject. Source-factorization approaches have been applied in other air pollution and health studies. 21 Analysis of exposures included traffic, oil combustion, road dust, salt, and regional sources. The regional-source factor is dominated by sulfur and likely reflects coal combustion. Constituents used in positive-matrix-factorization analysis included elements that were readily detected by x-ray fluorescence, such as elemental carbon, zinc, lead, copper, bromine (present in the form of bromide), silicon, iron, aluminum, calcium, barium, titanium, sulfur, potassium, vanadium, nickel, sodium, chlorine (present in the form of chloride), and manganese. Daily values for source factor scores for each sampling site were estimated and rescaled to g/m 3 units. This method generates a time-series of estimated PM 2.5 levels from each source. Further information on positive matrix factorization can be found elsewhere. 24 Additional information on optical reflectance and x-ray fluorescence are presented in an earlier study, 21 which used these methods for New Haven County, CT, to examine risk of symptoms and medication use in asthmatic children.
County-average pollutant levels were used to estimate exposure for each study subject. Constituents contributing the most to each source factor were identified for each county, based on percentage mass. To identify constituents that are closely linked to particular sources, the distribution of constituents (percentage) in each source was calculated, and each constituent was then assigned to an individual source to which it contributed the highest percentage. We calculated the ratio of the highest percentage contribution to any source to the second highest contribution to identify constituents that were more likely to originate from a specific source. All constituents originate from multiple sources; however, this approach identifies constituents more likely to be from one particular source. Effect estimates for a particular indicator component (eg, nickel) can thereby inform our understanding of PM 2.5 sources (eg, nickel as indicator of oil combustion), and can be compared with effect estimates from a particular source (eg, oil combustion).
Weather Data
Daily temperature and dew-point temperature data were obtained from the National Climatic Data Center. Previous studies have identified links between temperature and birth weight. 25 Apparent temperature for the gestational period and each trimester for each study subject was calculated to represent overall response to temperature, 26 and was used as a confounder in models, as applied in earlier work.
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Study Subject Data
Birth weight, demographic, and other variables were obtained from birth-certificate data from the National Center for Health Statistics. We based gestational periods on the date of birth and last menstrual period (LMP), corrected for an average 2 weeks between LMP and conception. In the 4 counties, 232,347 births occurred during 1999 and 2000. We eliminated births with missing data for LMP (17%). Of the remaining births, 121,589 (63%) had gestational periods matching our measurement data. We omitted subjects with infeasible delivery dates 6 or birth-weight and gestation combinations 27 (0.4%). Births were excluded if counties of residence and delivery were not identical or adjacent (1%) or if data for covariates used in analysis were missing (31%). Analysis was restricted to singleton births (excluding 3.4%), term births (gestational period Ն37 weeks) with gestational period Յ44 weeks (excluding 8.5%), and those weighing 1000 -5500 g (excluding Ͻ0.1%). Note that an observation may be omitted for more than one exclusion criteria. The final dataset included 76,788 births. Mother's race was categorized as African-American, white, or other. Analysis of other racial categories (eg, Vietnamese) was not possible due to small sample size.
Data Analysis
Exposure was calculated for each study subject for weather and PM 2.5 total mass, constituents, and sources by first calculating weekly averages and then combining these values to generate an overall exposure for the pregnancy and trimesters (1-13 weeks, 14 -26 weeks, and 27 weeks to birth). This approach avoids bias from differences in sampling frequency. Analysis was conducted separately for PM 2.5 mass, selected constituents, and sources. Not all study subjects had data available for all pollutant constituents or sources.
Linear regression was performed to relate birth weight to PM 2.5 total mass, sources, and constituents in separate models. Each model included one of the following as the exposure variable: a single constituent, single source, or PM 2.5 total mass. The association between pollutants and risk of small-at-term (term birth Ͻ2500 g) compared with nonsmall-at-term (term birth Ն2500 g) births was estimated with logistic regression. Models adjusted for apparent temperature by trimester; infant's sex; parity (first in birth order, not first in birth order); nature of delivery (vaginal, primary cesarean section, repeat cesarean section); trimester prenatal care began (first, second, or third trimester, no care, unknown); length of gestation in weeks; indicator variables for year of birth; and mother's age (Ͻ20, 20 -24, 25-29, 30 -34, 35-39, Ͼ39 years), marital status (unmarried, married), education (Ͻ12, 12, 13-15, Ͼ15 years, or unknown), tobacco use during pregnancy (yes, no), alcohol use during pregnancy (yes, no), and race (white, African-American, other). Earlier research used similar approaches. 3, 5, 6, 8, 18 Results are presented as the change in birth weight or risk of small-at-term birth per interquartile range (IQR) increase in exposure (source, constituent, or PM 2.5 ).
We repeated the linear analysis with a model that simultaneously included all 3 separate trimester exposure variables, rather than overall gestational exposure. Because trimester exposures can be correlated, we also performed second-stage analysis with adjusted variables of trimester exposure to estimate the association between a given trimester's exposure and birth weight, adjusted for other trimesters' exposures. This method accounts for the correlation among trimester exposures and is described in more detail in our previous studies. 6 An interaction model was used to investigate whether associations differed by race. Interaction terms were added for pollutant level over the gestational period and indicator variables of mother's race.
RESULTS
After exclusions, 76,788 births were included: 22,911 (30%) in New Haven County, CT; 21,947 (29%) in Hartford County, CT; 25,450 (33%) in Fairfield County, CT; and 6480 (8%) in Hampden County, MA. Table 1 summarizes the study population overall and by county. Mothers were primarily white and married, with a mean age of 29.3 years and 13.8 years of education. Fairfield County had the lowest risk of term LBW, highest fraction of births as a first child, lowest tobacco or alcohol use during pregnancy, highest maternal education, and oldest mothers. eTable 2 (http://links.lww.com/EDE/A423) provides the largest and second largest constituent contributions to each source from positive-matrix-factorization analysis, for each county. Elemental carbon and sulfur are the main contributors to almost all source factors for almost all counties, comprising an average of 86%-90% of contributions to the motor-vehicle, oil-combustion, and regional-source factors. These constituents comprise an average 56% of the road-dust factor. Chloride and sodium comprise most (61%) of the salt-source factor.
Because of the dominance of a small number of constituents across most sources, we did not identify indicator constituents based on the largest contributor to each source, but rather on constituents that were more closely linked to each source. In other words, for each source, we identified source tracer constituents that most likely originated from that particular source. Whereas eTable 2 shows the main constituents for each source factor, eTable 3 (http://links.lww.com/EDE/A423) shows the main sources resulting from each constituent. Zinc, copper, lead, elemental carbon, bromide, and potassium tended to be associated with the motor-vehicle source more than with any other source. Crustal elements (silicon, aluminum, titanium, manganese, calcium, and iron) and barium mostly originated from the road-dust-source factor. Vanadium and nickel were most associated with oil combustion, chloride with salt, and sulfur and sodium with the regional-source category. These results were used to identify constituents to function as approximate indicators of source categories, so that associations of PM 2.5 source exposures and birth weight could be examined.
For each constituent, we calculated the ratio of the highest percentage contribution to a source to the second highest percentage, to identify constituents that are more closely linked to a particular source. For example, the ratio for bromide was 1.6 (ϭ41.6/26.6) indicating that bromide is about 1.6 times more likely to be in the motor-vehicle-source than the regional-source factor (the sources with the highest and second highest percentage contributions of bromide). Indicator constituents were selected as zinc and elemental carbon for motor vehicles as zinc is about 6 times and elemental carbon 3 times more likely to be in motor vehicle PM 2.5 than the source with the next highest percentage. Silicon and aluminum were selected for road dust; vanadium and nickel for oil combustion; chloride for salt; and sulfur for the regional-source factor. The selected indicator constituents (ie, those with the highest ratios) were chloride, vanadium, and silicon. Table 2 summarizes study subject exposures for these selected constituents and source factors. Exposures were highest for the motor-vehicle and regional sources and lowest for salt. Based on the constituents' relative mean standard deviation (standard deviation/mean ϫ100%), the largest variations in exposures were for chloride and vanadium and the smallest for sulfur and zinc. Based on relative mean standard deviation, the salt factor had the largest variation in exposures of the 5 identified sources, and the regional source factor the lowest. eTable 4 (http://links.lww.com/EDE/A423) shows correlations among gestational exposures to the constituents, with the highest correlation between aluminum and silicon (0.98). Table 3 shows the association between IQR increase in gestational exposure to PM 2.5 mass, constituents and sources, and birth weight. For each exposure, separate analyses were performed for a linear model using birth weight as a continuous variable (Table 3, column 3 ) and a logistic model comparing risk of small-at-term to not small-at-term births (Table 3 , column 4). Central estimates indicated a decrease in birth weight and higher risk of small-at-term birth for all sources and constituents except for oil combustion and risk of small-at-term birth. Higher levels of all road-dust indicators (silicon and aluminum) and oil-combustion indicators (vanadium and nickel) were associated with lower birth weight for both models. Higher levels of zinc were associated with lower birth weight and increased risk of small-at-term birth. Elemental carbon was associated with increased risk of smallat-term birth. The linear model results for elemental carbon showed an association with decreased birth weight for the central estimate, although results were imprecise. Higher PM 2.5 levels from all sources were associated with lower birth weight based on central estimates. All source factors other than oil combustion were associated with higher risk of small-at-term birth in terms of central estimates, although the only strong association was for road dust. The central estimates for PM 2.5 total mass indicate that higher levels are associated with lower birth weight, although findings are marginal for the logistic model. Previous work did find such an association, 6 and the current study's findings may result from lower statistical power. Table 4 shows associations between trimester exposures to PM 2.5 sources and constituents and birth weight. Associations were observed in the third trimester for oil combustion, elemental carbon, zinc, nickel, and vanadium. For most exposures, trimester values were not highly correlated (average correlation 0.29), although there were exceptions (elemental carbon correlations among trimesters 0.82-0.90). Using models adjusted for correlation among trimesters' exposures, consistent effects were observed across models in the third trimester for oil combustion, elemental carbon, nickel, and vanadium (Table 4) .
Effect modification by race was investigated for pollutants and sources exhibiting associations in the main model (road dust source, zinc, elemental carbon, silicon, aluminum, nickel, and vanadium). Table 5 shows associations between these pollutants or sources and birth weight for infants of African-American mothers and infants of white mothers. For all pollutants, a given increment in exposure had larger associations among infants of African-American mothers than those of white mothers (approximately, 35%-100% higher). However, these differences by race did not reach statistical significance for any given pollutant.
DISCUSSION
This study provides one of the first investigations of PM 2.5 composition and sources and pregnancy outcomes. Chemical constituents are divided into key sources, although all constituents listed result from multiple sources. Data were restricted to term births. Models were adjusted for apparent temperature, infant's sex, parity, nature of delivery, prenatal care, length of gestation, year of birth, tobacco and alcohol use during pregnancy, and mother's age, race, and education.
Decrements in birth weight were related to road dust, oil combustion, and motor vehicles, but not sea salt or regional/ sulfur sources. Higher levels of PM 2.5 from zinc, elemental carbon, silicon, aluminum, vanadium, and nickel were associated with lower birth weight or increased risk of LBW. Third-trimester effects were consistently observed for elemental carbon, nickel, vanadium, and oil combustion. Higher effect estimates for infants of African-American mothers, compared with infants of white mothers, is of particular public health relevance given that this group is at higher risk of lower birth weight. 28 Several PM constituents have been linked to health in previous research. Elemental carbon levels were associated with risk of several respiratory symptoms in a cohort of asthmatic children. 21 PM 2.5 nickel and vanadium levels were associated with wheeze, whereas elemental carbon levels were associated with cough during the cold and flu season among children 2 years or younger. 29 Elemental carbon levels were associated with increased risk of same-day cardiovascular hospital admissions for a Medicare population, but other constituents considered, including sodium and sulfate, were not. 16 Effect estimates for PM 2.5 and mortality were higher when the PM 2.5 chemical composition had higher contributions from aluminum, silicon, or nickel. 15 Communities with higher PM 2.5 contributions from nickel and vanadium had higher effect estimates for PM 10 and mortality 30 ; however, results were sensitive to the New York Table results are unadjusted for correlation among trimester exposures; results for adjusted models are provided in footnotes. Chemical constituents are divided into key sources, although all constituents listed result from multiple sources. Data were restricted to term births. Models were adjusted for apparent temperature, infant's sex, parity, nature of delivery, prenatal care, length of gestation, year of birth, tobacco and alcohol use during pregnancy, and mother's age, race, and education.
a Change in birth weight per IQR increase in third trimester elemental carbon for models adjusted for correlation among trimesters: range Ϫ25 to Ϫ8.
b Change in birth weight per IQR increase in third trimester oil combustion for models adjusted for correlation among trimesters: range Ϫ7 to Ϫ5.
c Change in birth weight per IQR increase in third trimester vanadium for models adjusted for correlation among trimesters: range Ϫ5 to Ϫ6.
d Change in birth weight per IQR increase in third trimester nickel for models adjusted for correlation among trimesters: range Ϫ8 to Ϫ9. 
Chemical constituents are divided into key sources, although all constituents listed result from multiple sources. IQR values are provided in Table 3 . Data were restricted to term births. Models were adjusted for apparent temperature, infant's sex, parity, nature of delivery, prenatal care, length of gestation, year of birth, tobacco and alcohol use during pregnancy, and mother's age, race, and education.
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Birth Weight and PM 2.5 Sources and Constituents City community. 31 Higher PM 2.5 composition of nickel, vanadium, or elemental carbon was associated with higher cardiovascular or respiratory hospital admissions for persons 65 years and older. 32 Source-apportionment results indicate that a small number of constituents comprise the majority of several source factors, with elemental carbon and sulfur (2 of the more abundant constituents) contributing 86%-90% of motor-vehicle, oil-combustion, and regional sources. For analyses, we selected indicator constituents (source tracer elements) that are characteristic of individual sources. Previous work has used similar approaches. For example, elemental carbon has been used as a marker for diesel pollution or traffic pollution in general. 33 Most PM 2.5 constituents have multiple sources. For instance, we used zinc and elemental carbon as indicator constituents for traffic, although zinc in PM 2.5 can result from vehicles, oil combustion, coal combustion, and industry, and elemental carbon can be produced from traffic as well as industrial sources and combustion of oil and coal. 34 A study of primary PM found that elemental carbon is not a unique indicator of diesel air pollution. 35 Although the indicator approach is useful, results should be interpreted with an understanding that they are not exclusive source markers. Similarly, an indentified constituent may function as a marker for other constituents with similar sources. For instance, although nickel and vanadium are good proxies for oil combustion (eTable 3, http://links.lww.com/EDE/A423), the constituents represent a combination of sources and perhaps harmful properties. Additional research is needed to further illuminate the health effects of PM characteristics and sources.
An additional limitation of analyses presented here is the use of county-wide exposure estimates. Spatial heterogeneity of PM 2.5 constituents and sources can vary, potentially introducing exposure misclassification. Because the spatial variation is larger for some constituents and sources than others, the degree of misclassification may differ by constituent or source. 36, 37 Within-community variation in pollutant levels can affect results in epidemiological studies, 36, 38 and exposure misclassification may result in an underestimation of effects. Ambient monitors do not capture differences in personal exposures, which may reflect personal activity patterns (eg, movement indoors and outdoors, occupational exposure).
Further, exposure estimates were based on residence location at delivery. While studies of residential mobility and pregnancy are limited, research suggests that most mothers who move during pregnancy move short distances within the same community and that gestational exposures for PM 10 and ozone are similar when based on address at delivery versus addresses from interviews during pregnancy. 39 Additional research is needed to address this issue for PM constituents.
Future work could investigate other model structures (eg, nonlinear terms) or variables for which we did not have sufficient data. As an example, a 1 kg/m increase in mothers' body mass index (BMI) has been shown to be associated with a 20-g increase in birth weight. 40 As BMI can follow community patterns, it may be associated with pollutant exposures. In our dataset, the rate of smoking during pregnancy was 6% and did not differ by race; however, detailed information on smoking during pregnancy could be applied to investigate differences in effects by community or subpopulation.
The biologic pathways through which PM 2.5 constituents and sources or other air pollutants might affect fetal growth are not fully understood. Possibilities include altered placental vascular function, altered heart rate variability impairing cardiac function, and alveolar inflammation. 11 There has been progress in understanding how particles can affect cardiovascular and respiratory health 13 ; however, further research is needed to disentangle the effects of various particle mixtures. Studies on biologic mechanisms are needed with respect to what particular constituents or sources are relevant to various health outcomes. Discussion of potential physiologic mechanisms through which PM could affect human health, including a summary of human studies of the association of PM with pulmonary or systematic inflammation and other markers of cardiovascular risk, is provided elsewhere. 13 Our study does not investigate biologic pathways; however, results on which constituents or sources and windows of exposure (eg, third trimester) are most associated with birth weight can help guide future research.
The US Environmental Protection Agency established National Ambient Air Quality Criteria standards for PM 10 and PM 2.5 mass. Two counties in this study, Fairfield and New Haven Counties, CT, are out of attainment with the PM 2.5 standards. All counties comply with the PM 10 standards. PM remains the only air pollutant regulated without regard to chemical form. While PM is a robust predictor of health endpoints, growing evidence suggests that PM's chemical structure affects its toxicity. Better understanding regarding which PM sources or chemical mixtures are most toxic will aid decision makers in setting policies to protect public health.
